We hypothesize that endogenous sex steroids are associated with fracture risk independent of race/ethnicity.
between higher endogenous total estradiol (E2) or bioavailable estradiol (BioE2) and lower risk of hip and vertebral fractures (7) (8) (9) (10) (11) . Results of studies of nonvertebral and nonhip fracture are mixed, with some showing an association with E2 (12) (13) (14) , whereas others do not (10, 15) . In contrast, serum testosterone (T) or bioavailable testosterone (BioT) concentrations were not related to fractures in many studies (7, 9, 12, 15) . In a previous study from the Women's Health Initiative Study (WHI), which focused only on hip fracture (95% white women), high BioT (.14 ng/dL) was associated with a 25% lower risk of hip fracture compared with women with BioT (,9 ng/dL) (16) . Similarly, the association with sex hormone-binding globulin (SHBG) and fracture has been inconsistent, with some studies showing an inverse association (7, 9, 10, 16, 17) and others showing no association (8, 12, 14, 15, 18) .
To our knowledge, these studies have been carried out primarily in US white or European women, and little is known about sex steroids and fracture in women from other race/ethnic groups. The objective of this analysis was to test the hypothesis that sex steroids influence the risk of fractures across all race/ethnicities. We used baseline archived specimens and longitudinal fracture data in white, black, Hispanic, Asian, and Native American women enrolled in the Women's Health Initiative Observational Study (WHI-OS).
Subjects and Methods

Study population
The study population was the WHI-OS, a prospective cohort study that enrolled 93,676 women aged 50 to 79 years, including~15% nonwhite women from 1993 to 1998 at 40 US clinical centers. Study methods have been described in detail elsewhere (19) . Briefly, women were eligible if they were postmenopausal, unlikely to move or die within 3 years, and not enrolled in the WHI clinical trials. The study was approved by the human subjects review committees at each participating institution. All participants provided written informed consent.
Information on race/ethnicity was obtained by self-report and included whites (not of Hispanic origin), blacks (not of Hispanic origin), Hispanics/Latinos (Mexican, Cuban, Puerto Rican, Central American, or South American), Asians or Pacific Islanders (Chinese, Indo-Chinese, Korean, Japanese, Pacific Islander, or Vietnamese), Native Americans (including Alaskan natives), or other.
Outcome ascertainment
Women were sent questionnaires annually to report any hospitalization and other specific outcomes, including fractures. We collected information on all fractures that occurred after study entry except those of the fingers, toes, face, skull, and sternum. Hip fractures were verified by review of medical records and confirmed by blinded central adjudicators (20) . Information on other clinical fractures was obtained by self-report. In the WHI, 76% of self-reported nonhip fractures were confirmed by physician review of medical records, suggesting that the self-report of such fractures is reasonably accurate (21) . For this analysis, we also excluded women with hip fractures as a result of cancer and women reporting clinical spine or coccyx fractures because of poor reliability (21) .
Nested case-control design
This study is a case-control study nested within the prospective design of the WHI-OS. All self-reported cases of fracture in the WHI-OS as of August 2006 (the last date of original follow-up) were selected as potential cases. We excluded women reporting other or unknown race/ethnicity, current hormone therapy, and use of bisphosphonates or selective estrogen receptor modulators at baseline. We also excluded women with missing important covariates, such as weight, height, history of fracture, and less than two vials of unthawed serum or ,0.25 mL of EDTA plasma. A total of 7116 possible cases and 37,713 controls were eligible after these exclusions. We chose all fracture cases among nonwhites, including 381 black, 192 Hispanic, 113 Asian, and 46 Native American women. A random sample of 400 fracture cases was chosen from a total of 6384 fractures among the white participants.
One control was selected for each fracture case from the risk set corresponding to the time of the case's event. All participants (cases included) were part of the risk set until they had an event or until their last recorded visit (censored if lost to follow-up). Controls were matched to cases by age at screening (61 year), race/ethnicity (white, black, Hispanic, Asian, or Native American), and blood draw date (690 days). All matching factors were weighted equally during selection. Controls were chosen to have a fracture-free follow-up time at least as long as the cases' event times. Seventeen unmatched cases during the first match attempt were matched subsequently by age at screening (62 years), race/ethnicity, and blood draw date (6365 days).
In summary, there were 1132 cases and 1132 controls for a total of 2264 women. We excluded women with missing or below assay detection values for E2, BioT, or SHBG, leaving a total of 2232 (1116 pairs) participants, including 394 whites, 375 blacks, 190 Hispanics, 111 Asians, and 46 Native Americans. The average follow-up time from enrollment 6 standard deviation to the last follow-up date as of August 31, 2006 , was 8.60 6 1.61 years among cases and 8.65 6 1.61 years among controls.
Laboratory procedures
For each study participant, blood was collected at the baseline visit after at least a 12-hour fast and then stored centrally at 280°C (22) . These baseline samples were shipped on dry ice to the Reproductive Endocrine Research Laboratory (University of Southern California, Los Angeles, Los Angeles, CA). Laboratory personnel were blinded to case-control status, and samples were analyzed in random order.
E2 and testosterone concentrations were quantified using radioimmunoassays (RIAs) after organic solvent extraction and celite column partition chromatography (23) . For the E2 RIA, the intra-assay coefficient of variation (CV) was 7.9% at 34 pg/mL (124 pmol/L), and the interassay CVs were 8.0% and 12.0% at 16 pg/mL (58.7 pmol/L) and 27 pg/mL (99.1 pmol/L), respectively. For the T RIA, the intraassay CV was 6% at 14.3 ng/dL (0.50 nmol/L) and the interassay CV were 12.0% at 4.9 ng/dL (0.17 nmol/L), 11.0% at 14.3 ng/dL (0.50 nmol/L), and 10.0% at 47.9 ng/dL (1.66 nmol/L). Bioavailable (non-SHBG-bound) and free (nonalbumin-and non-SHBG-bound) E2 (or T) concentrations were calculated using the measured total E2 (or total T) and SHBG concentrations, an assumed constant for albumin, and affinity constants of SHBG and albumin for E2 (or T) (24, 25) . These calculated values are highly correlated (r $ 0.85) with direct measurement of BioE2 and BioT (25, 26) . The sensitivities of the E2 and T assays were, respectively, 3 pg/mL (11.0 pmol/L) and 1.5 ng/dL (0.052 pmol/L), and concentrations below these values were deemed undetectable.
SHBG was quantified by a solid-phase, two-site chemiluminescent immunoassay using the Immulite Analyzer (Diagnostic Products Corp., Los Angeles, CA). The solid phase is a polystyrene bead with a monoclonal antibody specific for SHBG. The intraassay CV ranged from 4.1-7.7%, and the interassay CV ranged from 5. 
Other measurements
All covariates were ascertained at baseline and included education, living arrangements, personal and parental history of fracture, reproductive and medical history, alcohol intake, cigarette smoking, physical activity, general health status, diet, and falls. Current use of prescription medications was recorded by clinic interviewers by direct inspection of medicine containers brought into the clinic. Prescription names were entered into the WHI database and assigned drug codes using Medispan software (Wolters-Kluwer Health, Indianapolis, IN). Dietary intakes of calcium and vitamin D were assessed using a semiquantitative foodfrequency questionnaire (27) . We also collected information on the use of calcium and vitamin D supplements (i.e., amount and frequency of intake) and calculated total calcium intake.
Physical activity was classified on the basis of frequency and duration of walking and mild, moderate, and strenuous activities in the prior week. Kilocalories of energy expended in a week were calculated (metabolic equivalent score = kilocalorie h/wk/kg) (28) . Physical function was measured using the 36-Item Short Form Health Survey (29) . We compared women with a score .90 versus #90; this cutoff corresponded to the median score. Weight was measured on a balance-beam scale, and height was measured using a stadiometer. Body mass index (BMI) was calculated as weight (kg)/height (m 2 ).
Statistical analysis
We used x 2 and t tests to compare baseline characteristics between cases and matched control participants. For continuous measures that were skewed, Wilcoxon rank-sum tests were used. In initial models, we combined all race/ethnic groups and adjusted for race/ethnicity. We also tested for interaction between sex steroid hormone and SHBG and race/ethnicity. Subsequent analyses were carried out within each race/ ethnicity. To further assess confounding, we compared baseline characteristics across tertiles of BioE2, BioT, and SHBG in the combined cohort of cases and controls. A test of linear trend was performed by treating tertile as an integer value. The Cochran-Armitage test for trend across tertiles of sex hormones was used for dichotomous variables. The Jonckheere-Terpstra test for trend was used for multicategory variables.
We assessed the association between concentrations of sex steroid hormones and incident fracture in conditional logistic regression models, models appropriate for the matched case-control design. We calculated odds ratio (ORs) and 95% confidence intervals (CIs) from the conditional logistics models across tertiles. Tertiles cutoffs were determined from the distribution among control individuals in the combined multiethnic cohorts, weighted by their relative proportion in the full study. We defined the lowest tertile as the referent group.
We first examined the unadjusted association. For the multivariable (MV)-adjusted model, we adjusted for weight, height, physical activity, total calcium intake, personal history of fracture, health status, and current diabetes treatment. Backward elimination was used, and the following variables were removed from the model: alcohol, education, smoking, past hormone therapy use, glucocorticoid use, and parental history of fracture.
Because E2, testosterone, and SHBG are interrelated, we further adjusted models for the other hormones to test whether the associations were independent. We carried out our initial analyses in the total cohort with the race/ethnicity 3 sex steroid hormone interaction term. We then carried out models in each race/ethnic group.
Results
The average age of the subjects was 62.6 years among black women and 66.2 years among white women (Table 1) . Among white women, cases were more likely to report lower physical function, a personal history of fracture, and diabetes than controls. Among black women, cases were more likely to report a positive personal fracture history than controls. The mean BMI was higher among black women than white women, but there was no difference by casecontrol status. A higher proportion of black women reported fair to poor health. There was no difference in smoking, alcohol, physical activity, hormone therapy, fall history, and total daily calcium intake by case-control status in either black or white women. 25(OH)D was significantly lower in white cases versus controls, but there was no difference in 25(OH)D by case-control status in women from the other ethnic groups. The characteristics of Hispanic, Asian, and Native American women by fracture case-control status are shown in Supplemental Table 1 . Hispanic women with an incident fracture were more likely to report a personal history of fracture than controls. Asian women with an incident fracture were more likely to report fair/poor health status than controls. There were no relevant differences between cases and controls among Native Americans.
Characteristics of women across tertiles of BioE2
Among white women, higher BioE2 was associated with younger age. The percentage of those with fair or poor health, poor physical function, and diabetes increased with increasing BioE2. The median physical activity was lower in women with the highest BioE2. The mean body weight and BMI was greater with increasing BioE2. Use of daily oral corticosteroids was uncommon and did not differ significantly by BioE2. Median BioT increased and median SHBG and 25(OH)D decreased with increasing BioE2. These associations likely reflected the positive association between body weight and BioE2.
Among black women, the patterns across BioE2 were similar to white women for age, health status, physical functioning, physical activity, prevalence of diabetes, body weight, BMI, and 25(OH)D (Table 2 ). The percentage differences in median BioT and SHBG across tertiles of BioE2 were greater in black versus white women.
We observed similar patterns in Hispanic women among those with highest BioE2, with a higher percentage of women reporting fair to poor health status and diabetes (Supplemental Table 2 ). Mean BioE2 increased with increasing weight and BMI. There was no association between BioE2 and 25(OH)D among Hispanic women. The percentage difference in median BioT and SHBG across tertiles of BioE2 was similar to white women.
Asian women with higher BioE2 were younger, better educated, less likely to drink $7 drinks per week, more likely to have diabetes, and had a higher body weight and BMI (Supplemental Table 2 ). The mean BioT was 56% higher and mean SHBG was 57% lower in Asian women with the highest BioE2 compared with the lowest.
Among Native American women, the patterns across BioE2 were generally similar to women in the other race/ ethnic groups, but given the smaller number of Native American women, they did not consistently reach statistically significance (Supplemental Table 2 ).
Characteristics of women across tertiles of BioT are shown in Supplemental Table 3 and across tertiles of SHBG in Supplemental 
BioE2 and fracture risk
The median BioE2 tended to be lower among fracture cases but did not differ significantly by case-control status in any race/ethnic groups (Table 1; Supplemental Table 1 ). The association between BioE2 and fracture is shown in Table 3 .
In the total population, adjusting models for race/ethnicity 3 BioE2 interaction, there was a significant trend whereby increasing BioE2 was associated with a decreased risk of fracture (P trend = 0.001) ( Table 3) . Women with BioE2 in the second tertile (.4.89 to 8.25 pg/mL) had a 20% (OR, 0.80; 95% CI, 0.63 to 1.02) and women in the third tertile (.8.25 pg/mL) a 35% (OR, 0.65; 95% CI, 0.50 to 0.85) lower risk of fracture compared with women with the lowest BioE2. There was no significant interaction between race/ethnicity and BioE2 in either the unadjusted model (P = 0.19) or MV model (P = 0.23). Further adjustment for BioT and SHBG had no effect on our results.
White women with the highest BioE2 (.8.25 pg/mL) had approximately a 45% lower risk of fracture (P trend = 0.01) compared with white women with lowest BioE2 (#4.89 pg/mL). This association was independent of many confounding factors, including body weight. Among black women, a similar pattern was observed whereby black women with the highest BioE2 had a MV-adjusted 39% lower risk of fracture than women with the lowest BioE2 (P trend = 0.04). Additional adjustment for 25(OH)D had no effect on our results. These trends in black women were slightly attenuated after adjusting for BioT and SHBG. There was no association between BioE2 and fracture risk in Hispanics, Asians, or Native Americans (Table 3) .
BioT and fracture risk Median BioT was similar in white women cases and controls (Table 1 ). In models adjusting for race/ethnicity 3 BioE2 interaction, women in the top tertile of BioT (.13.3 ng/dL) had approximately a 25% lower risk of fracture (P trend = 0.02) that was unaffected by adjusting for BioE2 or SHBG. There was no race/ethnicity 3 BioT interaction (unadjusted model, P = 0.94; MV-adjusted model, P = 0.90). In race/ethnic-specific models, white women with BioT (.13.3 ng/dL) had approximately a 20% lower risk of fracture, but it was not statistically significant (Table 4) . Median BioT was lower among black women cases compared with controls, but it was not significant (P = 0.09). Results showed a significant dose response between increasing BioT and reduced fracture risk in black women (Table 4 ). In MV-adjusted models, black women with BioT .13.3 ng/dL had a 35% lower risk of fracture compared with women with BioT #8.33 ng/dL (P trend = 0.03). There was no association between BioT and fracture risk in Hispanics or Asians. Among Native Americans, there was a suggestion of an association between BioT and lower fracture rates, especially among women with BioT .13.3 ng/dL, but CIs were wide and trends were not significant. Additional adjustment for 25(OH)D had no effect on our results.
SHBG and fracture risk
In the total population adjusting for race/ethnicity, there was no association between SHBG and fracture. The interaction between race/ethnicity and SHBG was also not statistically significant. In race/ethnic-specific models, white women with the highest SHBG (.58 nmol/mL) had a 31% lower risk of fracture compared with women with SHBG (#37.6 nmol/mL, P trend = 0.06) ( Table 5 ). In contrast, black women with the highest SHBG (.58 nmol/mL) had a 70% increased risk of fracture (P trend = 0.007). Additional adjustment for 25(OH)D had no effect on our results. There was no association between SHBG and fracture risk in women from the other race/ethnic groups.
Discussion
In our prospective nested case-control study, women with the highest BioE2 (.13.3 pg/mL) had a 35% lower risk of nonspine fracture compared with women with lowest BioE2 (#4.89 pg/mL), independent of race/ethnicity and many other factors associated with fracture risk, including body weight. These findings extend previous findings in primarily US white women and European women to women of all race/ ethnicities. Similar results were observed for BioT where women with the highest BioT (.13.3 ng/dL) had a 24% lower risk of nonspine fracture compared with women with the lowest BioT (#8.33 ng/dL), irrespective of race/ethnicity. Both the associations of BioE2 and BioT with fracture were independent of each other. The association between BioT and fracture in the literature is less consistent than BioE2, but our results are in accord with a previous WHI study of hip fracture in which 95% of cases and controls were white (16) .
One of our objectives was to examine the association between sex steroid hormones and fracture in individual race/ethnic groups. We found that both white and black women with the highest BioE2 had a lower risk of fracture. The overall trend between BioE2 and lower fracture risk was significant in both groups, with no evidence of a threshold. The association of BioT with fracture was not significant in white women. In contract, black women with the highest BioT had a 35% lower risk of having an incident fracture compared with black women with the lowest BioT. BioT levels tended to be higher in black women compared with white women: 45% of black women were in the highest BioT tertile compared with 25% of white women. Thus, it is possible that we did not observe this association between BioT and fracture in whites because fewer of them had a high BioT level. The high BioT in black women may reflect their higher BMI compared with white women. Overall, SHBG was unrelated to risk of nonspine fracture. These results conflict with a previous WHI study of hip fracture (16) where higher SHBG was associated with an increased risk of subsequent hip fracture. The difference with our results may reflect the heterogeneity of fracture types in our study. We had few hip fractures, especially in nonwhites. Examination of the association between SHBG and fracture in individual race/ethnic groups showed the expected positive relationship between SHBG and fractures in black women. However, in whites, we found the opposite: Higher SHBG was associated with a lower risk of fracture. This finding may be spurious because it does not reflect the underlying biology of SHBG and free hormones. For example, among both black and white women, the median BioE2 and BioT decreased with increasing SHBG. Thus, these results in white women should be interpreted with caution.
A major clinical question is whether measurement of BioE2 and BioT could be used to identify individual women at high risk of fracture. We used a state-of-the-art reproductive (31, 32) , and 25(OH)D levels were lower among the white cases versus controls. However, 25(OH)D did not differ between women who fractured versus controls in the other race/ethnic groups. Additional adjustment for 25(OH)D had no effect on our results.
There are a number of strengths to our study. This study examined the association between fracture and sex steroid hormones in multiethnic groups of women. All assays were carried out blindly to case-control status at a state-of-the-art reproductive hormone laboratory, and we adjusted for many confounding factors in our analyses.
There are, however, several limitations to our study. We had limited power to detect an association between sex steroids and fracture in Hispanic, Asian, and Native American women. Bone mineral density was not broadly available, and we were unable to test whether associations between BioE2 and BioT and fracture were mediated by bone mineral density. Finally, hormone levels were measured at a single time point, and fractures occurred up to 8 years after the baseline measures.
In conclusion, higher circulating levels of BioE2 and BioT were associated with a decreased risk of nonspine clinical fractures. Our results were independent of race/ ethnicity, extending previous finding in primarily US white and European women to include a diverse group of postmenopausal women.
